In order to generate a new antioxidant and prebiotic dietary fibre, gallic acid (GA) was grafted onto native inulin. Inulin-gallic acid (IGA) graft was confirmed by UV and infrared spectroscopy (FT-IR). The antioxidant activity was evaluated by spectroscopic methods and the prebiotic activity of IGA was determined by In-Vitro growth of Lactobacillus acidophilus. UV spectra show absorbance peaks at 214 and 266-268 nm showing aromatic ring presence in the IGA graft and FT-IR spectra showed a band at 1743 cm
Introduction
Dietary fibre contained in some vegetable food products can be associated with phenolic compounds and therefore exhibits a significant antioxidant activity (Saura-Calixto, Pérez-Jiménez, & Goñi, 2009 ). This kind of fibre is known as antioxidant dietary fibre (ADF) and because of its polymer structure it could show a considerable prebiotic capacity as well. Some studies have suggested that polyphenols associated with this dietary fibre could be released in the gastrointestinal tract during digestion (Mercado-Mercado et al., 2015) . Hence, besides its prebiotic activity ADF could increase the radical scavenging activity of the human gut environment.
Recent research has been directed to the synthesis of ADF through the molecular grafting of polymeric materials such as phenolic derivatives onto several biopolymers. Molecular grafting is a polymeric material modification method involving reactions that require a reductive compound as initiator generating a free radical, par example ascorbic acid/hydrogen peroxide (AA/H 2 O 2 ) redox pair Curcio et al., 2009; Spizzirri et al., 2009 Spizzirri et al., , 2011 . The hydroxyl radical (ÅOH) that initiates the reaction is formed when H 2 O 2 oxidizes AA. After that, the grafting process of the molecule takes place in two steps. The first one consists in generating a macro-radical in the biopolymer chain through the reaction with the free radical obtained between AA and H 2 O 2 . In the second step, the antioxidant molecule links to the recently formed macroradical through a covalent bond Spizzirri et al., 2009 Spizzirri et al., , 2010 Toti & Aminabhavi, 2004) . In the last years several phenolic compounds-biopolymers grafted conjugates with diverse food applications related to their antioxidant activity have been studied: catechin-alginate and catechin-inulin ; gallic acid-chitosans (Cho, Kim, Ahn, & Je, 2011; Woranuch, Yoksan, & Akashi, 2015) , gallic acid and catechingelatin Spizzirri et al., 2009) , etc. Since some of these biopolymers, prior to being grafted, have significant prebiotic activity, the novel conjugates could have a potential use as prebiotic and antioxidant compounds (Arizmendi-Cotero, Gómez-Espinosa, García, Gómez-Vidales, & Dominguez-Lopez, 2016) .
According to Saura-Calixto (2011) around 50% of the total dietary antioxidants, mainly phenolics pass through the small intestine linked to dietary fibre. They are released from the fibre matrix in the colon by the action of the bacterial microbiota, producing metabolites and an antioxidant environment. Consequently the transportation of dietary antioxidants through the gastrointestinal tract may be an essential function of dietary fibre. However, in food (particularly vegetables), both dietary fibre and antioxidant compounds are a complex group of substances with a wide range of molecular mass. The inulin-gallic acid conjugate synthesized by Arizmendi-Cotero et al. (2016) or those obtained by others Zhang, Geng, Jiang, Li, & Huang, 2012) could be a suitable and relatively simple model to study the antioxidant and prebiotic effect of dietary fibre naturally associated with polyphenols. Thus, the goals of this study were (i) to measure the antioxidant activity of an inulin-gallic acid conjugate obtained by molecular grafting and (ii) to evaluate the conjugate's in vitro prebiotic capacity on a Lactobacillus acidophilus culture.
Materials and methods

Materials
Native inulin (inulin) was purchased from Frutafit (IQ VA Mexico S.A. C.V.); Hydrogen peroxide (H 2 O 2 ), ascorbic acid (AA), gallic acid (GA), pyrogallol, Folin-Ciocalteau's reagent, 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2,6,6-tetra-methylpiperidine (TEMP, 99%), 2,2,6,6-tetramethylpiperidine-1-oxil (TEMPO, 99%) and hematoporphyrin (HP, 50%) were purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, USA); 5,5-di-methyl-1-pyrroline-1-oxide (DMPO, ultra-high purity) was purchased from Dojindo; 2-tiobarbituric acid (TBA, 99%) from ICN Biomedical, Inc. (Ohio); trichloro acetic acid (TCA, 99%) from Fulka; iron (II) sulfate heptahydrate (99%), ethylenediaminetetraacetic acid disodium salt dehydrate (EDTA, 98.5%) from Sigma Chemical Co.; ethyl alcohol absolute (99.95%) from J.T. Baker; and deionized water.
Equipment
Electron Paramagnetic Resonance Spectroscopy (EPR) determinations were conducted in an EPR spectrometer (Jeol JES-TE300), operated at X-Band fashions at 100 kHz modulation frequency with a cylindrical cavity (TE011 mode). Individual samples were placed in a quartz flat cell (synthetic quartz, Wilmad Glass Company) with a path length of 0.2 mm. The external calibration of the magnetic field was conducted using a JEOL ES-FC5 precision gauss-meter. The acquisition and manipulation of spectra were performed using the ES-IPRIT/TE program. In order to characterize the grafted molecules, the following assays were conducted: Fourier Transformed Infrared Spectroscopy (FT-IR) which were obtained using a Perkin-Elmer ATR-FT-IR; UV-Vis spectra which were performed in a Genesys, 10 UV Scanning Spectrometer (Thermo Spectronic, NY, USA).
Inulin-gallic acid grafts' synthesis
Inulin-gallic acid (IGA) conjugates' synthesis, using H 2 O 2 /AA as the grafting initiator redox pair, took place according to ArizmendiCotero et al. (2016) with some modifications. A sample of 0.8 g of inulin was dissolved in 10 mL of deionized water in a reaction flask. Subsequently, 0.05 g of gallic acid and 1 mL of the initiator redox pair (5.88 M H 2 O 2 /0.68 M AA) was added. Samples were incubated at 25°C for 24 h with constant stirring. Inulin samples were dialyzed in distilled water using a 3500 Da membrane during 48 h in order to eliminate the non-reacting gallic acid. IGA conjugates were lyophilized and kept in the freezer for further analysis. Inulin control sample was prepared in the same conditions but in the absence of gallic-acid. The three samples (IGA, Inulin and GA) were characterized via UV-Vis and FTIR to make sure that gallic acidinulin grafting was successful.
2.4. Antioxidant activity of inulin-gallic acid grafts 2.4.1. DPPH radical-scavenging assay by EPR spin-trap DPPH radical scavenging activity was measured using the method described by Gómez-Vidales, Granados-Oliveros, NietoCamacho, Reyes-Solís, and Jiménez-Estrada (2014) . In all cases, the liquid medium used was a mixture of ethanol-water (85:15 v/v). 200 lL of Inulin and IGA graft solutions at a concentration of 18, 31, 56, 100, 178 and 317 lg/mL and GA solutions at 0. 10, 0.18, 0.31, 0.56, 1.00, 1.78, 3.16, 5 .62 lg/mL were mixed with 100 ll DPPH solution (DPPH 0.3 mM). Each mixture was held at 37°C for 15 min before collecting EPR spectra. Individual samples were placed in the quartz flat cell of the EPR-spectrometer. Measurement conditions were as follows: central field, 3550 ± 40 G; modulation frequency, 100 kHz; modulation amplitude, 2500 G; microwave power, 8 mW and sweep time 2 min. Relative percentage of DPPH scavenging capacity was calculated according to the following equation where H c and H 0 are the middle peak's heights (DPPH spectrum) with and without antioxidants, respectively: O 2 , the drop of the peak-height central peak of TEMPO was measured. EPR parameters were as follows: center field, 3345 ± 40 G; microwave frequency, 9.43 GHz; modulation width, 7.9 ± 1 G; time constant, 0.1 s; amplitude, 200. In each case, EPR parameters were held constant, as it also was the concentration of TEMP; samples were irradiated directly within the EPR cavity.
Inhibition effect of lipid peroxidation
The lipid peroxidation (LP) inhibition effect was determined by the method described by Granados-Oliveros et al. (2013) . Using an ice bath, 375 lL of the protein solution (2.66 mg protein/mL) and 50 lL of 20 lM EDTA were mixed in 1.5 mL microtubes. Then, 25 lL of GA, IGA and Inulin at adjusted concentrations to obtain final concentrations of 1, 10 and 100 lg/mL were added to the microtubes. Samples were incubated during 30 min at 37°C, after that, 50 lL of 100 lM FeSO 4 were added and incubated at the same temperature for 60 min more. Control experiments to test the induction of LP were conducted in the presence of (i) protein solution (2.66 mg protein/mL) and (ii) FeSO 4 (10 lM). In order to measure lipid peroxidation, 0.5 mL of TBA reagent (1% w/v TBA in 0.05 N NaOH mixed with 30% w/v TCA in a 1:1 proportion) was added to each microtube. The tubes were cooled on ice for 10 min, centrifuged at 13,000g for 5 min, and finally heated at 95°C for 30 min. The tubes were allowed to reach ambient temperature and finally 200 lL of the supernatant solution were sepa-rated for analysis. The content of TBARS in all solutions was determined by optical density at k = 540 nm using a Bio-Tek ELx 808 microplate reader.
In vitro prebiotic effect of the IGA conjugates
In order to determine the prebiotic effect of the IGA conjugates, MRS carbohydrate-free broth was used, according to Adebola, Corcoran, and Morgan (2014) . Briefly, the media contained the following components (g/L): peptone (10.0), yeast (5.0), NaacetateÁ3H 2 O (5.0), K 2 HPO 4 Á3H 2 O (2.0), (NH 4 ) 3 C 6 H 5 O 7 Á2H 2 O (2.0), MgSO 4 Á7H 2 O (0.2), MnSO 4 Á4H 2 O (0.05) and Tween 80 (1 mL). The pH was adjusted to 6.2, and the medium was sterilized at 121°C for 15 min. Glucose (MRS-G), native inulin (MRS-Inulin) and IGA (MRS-IGA) were added up to final concentrations of 1% each. This concentration is recommended as the minimum to ensure the stimulating effect of a carbohydrate on the growth of bacteria on a basal MRS medium (Rubel, Pérez, Genovese, & Manrique, 2014) . A negative control deprived of a carbon source was included as well.
Lactobacillus acidophilus (LA) were incubated in MRS broth for 24 h and these cultures were used as starters in subsequent fermentations, according to the methodology proposed by Corral, Valdivieso-Ugarte, Ferna, Adrio, and Velasco (2008) . Cells were collected by centrifugation, and suspended in sterile distilled water. Bottles containing 95 mL of MRS-G, MRS-Inulin and MRS-IGA medium were inoculated with 5 mL of each cell suspension. Then, each culture was distributed in several aliquots of 10 mL, using sterile tubes, and incubated at 37°C. The OD 600 was taken every 3 h or 5 h, each tube was centrifuged at 1610g during 15 min. The precipitate was suspended in 10 mL of distilled water and the pH was also recorded as an indirect parameter of growth and sugar metabolism. All measurements were performed in triplicate in two independent experiments.
Results and discussion
3.1. Inulin-gallic acid conjugate characterization 3.1.1. UV spectra Fig. 1 shows the UV spectra of gallic acid, pyrogallol and the inulin-gallic acid conjugate (IGA) where baseline corresponds to the previously dissolved in water unmodified inulin. The UV spectra of aromatic hydrocarbons, such as gallic acid and pyrogallol, are characterized by three peaks with origin in the p ? p ⁄ transitions . The aromatic ring is a chromophore which has three maximum absorbances at wavelengths neighbouring 184 (not shown), 204 and 256 nm. Hydroxyl groups (AOH) have an auxochromic effect on this chromophore, particularly on the peak at 256 nm, and their presence causes a displacement of these peaks toward longer wavelengths (bathochromic effect). Therefore, in the case of gallic acid and pyrogallol they were 208-214 and 266-268 nm by effect of the three hydroxyl groups bonded to these compounds. The spectrum of the Inulin-gallic acid conjugate was similar to aromatic hydrocarbons which suggest that the grafting was done between gallic acid's carboxylic group and inulin (200-210 nm) Spizzirri et al., 2009 ).
FT-IR spectra
FT-IR analysis (Fig. 2) 3.2. Antioxidant activity of IGA graft 3.2.1. DPPH radical-scavenging assay by EPR spin-trap DPPH is a relatively stable free radical and its use in the EPR spectroscopy is a valuable and practical approach to evaluate the antioxidant potential of grafted polymer molecular fractions of antioxidants (Pasanphan, Buettner, & Chirachanchai, 2010; Pasanphan & Chirachanchai, 2008 ). IGA's DPPH radical scavenging activity was investigated through the reduction of EPR's signal spectra and the relative percent of DPPH scavenging capacity was calculated according to Eq. (1). Inulin and GA were used as negative and positive controls, respectively. Fig. 3a shows DPPH's EPR spectrum and the resulting spectra of this radical in the presence of GA and IGA graft. The inhibition of the signal's intensity caused by GA and IGA graft is evident as the wave amplitude of the radical spectra decreased significantly until it has almost been extinguished. Both GA and IGA graft showed a significant capacity to reduce DPPH radical as a function of their concentration in the liquid medium. As showed in Fig. 3b , GA exhibited the greatest activity to scavenge DPPH radical because the concentration required to reduce by 50% the signal amplitude (IC 50 ) was 0.72 ± 0.05 lg/mL in contrast to the IGA graft which had a mean value of 77.5 ± 10.6 lg/mL. Table 1 shows the concentration of GA, IGA graft and inulin at which the highest DPPH signal inhibition was achieved, where inulin reflects a nonsignificant inhibition of DPPH radical (7.48%). Some oligosaccharides associated with fructans have a considerable capacity to reduce DPPH depending on its concentration in the liquid medium ( the molecular weight of these oligosaccharides increases, its capacity to reduce DPPH decreases (Je et al., 2004; Park, Je, & Kim, 2003) . This may explain the nonsignificant DPPH radical inhibition of Inulin (MW > 3 kDa).
Grafting antioxidant molecules onto the backbone of oligosaccharides gives to the new polymer a significant antioxidant capacity Liu, Lu, Kan, Tang, & Jin, 2013; Pasanphan et al., 2010) , likewise GA grafted onto inulin acquires the capacity to scavenge DPPH radical. intensity signal-time curve was obtained (Fig. 4) and results are expressed as the percentage of EPR's inhibition signal of the irradiated TEMP solution. Fig. 4a shows TEMP's EPR spectrum and the resulting spectra of this radical in the presence of GA and IGA. The signal's inhibition intensity caused by GA and IGA graft is evident as the wave amplitude of the radical spectrum decreased. GA and to a lesser extent IGA graft showed a significant capacity to reduce TEMP radical depending on their concentration in the liquid medium and on the irradiation time. After 5 and 8 min of irradiation, GA (100 lg/mL) caused 89 ± 3% and 94 ± 1% inhibition of 1 O 2 , respectively (Fig. 4b) . Remaining samples (GA and IGA graft at other concentration) showed nonsignificant differences (P > 0.05) at any time of irradiation. As showed in Table 1 O 2 , depends on the presence of hydroxyl groups at the C 2 @C 3 position of the flavonoids' C ring (Tournaire et al., 1993) . Furthermore, when the hydroxyl group is glycosylated its capacity to scavenge 1 O 2 decreases (Majer, Neugart, Krumbein, Schreiner, & Hideg, 2014) . In phenolic compounds and according to Tournaire et al. (1993) , the absence of a carbonyl group in the C ring leads to a flat molecular structure, that is why catechin is the flavonoid with the highest efficiency to extinguish the
This may explain the significant capacity of GA and the low reducing power of IGA to scavenge 1 O 2 .
Inhibition effect of lipid peroxidation
Lipid peroxidation (LP) includes a series of chain reactions where a free radical will cause oxidation of unsaturated fatty acids and to produce a large number of degradation products [LH + RÅ ? RH + LÅ + O 2 ? LOOÅ + LH ? LÅ + LOOH] (Abuja & Albertini, 2001) . The method to measure LP is based on the reaction of TBARS which yields some compounds formed in the course of the reaction. After reacting with TBA these compounds yield a pinkish red chromogen with the maximum absorbance at 540 nm, whose concentration is related to the extent of lipid peroxidation. Fig. 5 shows the effect of IGA, inulin and GA on the production of TBARS where native inulin was used as a negative control. GA showed a significant effect (p < 0.05) on the inhibition of TBARS depending on its concentration (100 lg/mL) causing an inhibition of 92% (Table 1) . IGA showed a significant effect only at a high concentration (100 lg/mL). Grafting polymers with some type of phenolic compounds increase their capacity to reduce LP, which depends on the number of grafted moieties in the polymer (Liu, Lu, Kan, Tang et al., 2013; Parisi et al., 2010) . In the present study and according to Table 1 , the low capacity of IGA to inhibit LP (19.6% at 100 lg/mL) could be due to the low availability of the grafted gallic acid (16.3 mg/g inulin) either to steric hindrance caused by the substitution of hydroxyl groups in the structure of GA (Tournaire et al., 1993) . Nevertheless, the increase in the grafted polymer concentration increases the antioxidant capacity of the medium .
In vitro prebiotic effect of IGA
Lactobacilli species have been commonly used as a model to evaluate the prebiotic capacity of fermentable sugars because these lactic acid bacteria, among other characteristics display an observable growth after about 15 h of incubation (Adebola et al., 2014; Corral et al., 2008) . Fig. 6 shows the growth of Lactobacillus acidophilus in the presence of several carbon sources as a function of time: inulin (MRS-Inulin), IGA (MRS-IGA) and glucose (MRSGluc, positive control) where the higher growth was reached after 14 h of incubation. Furthermore, a trial was performed in the absence of carbon source (negative control) where no growth of the probiotic bacteria was observed. pH values were also determined and its change was considered as an indicator of the fermentative bacterial activity and as an evidence of the prebiotic effect of the inulin incorporated in the culture broth (Madhukumar & Muralikrishna, 2010) . In order to get some kinetic parameters summarizing the evolution of the optical density (OD) or the pH of the liquid medium from a time zero to a steady state, the observed data were correlated with a first order kinetic model (Eqs. (2) and (3)).
OD t =OD 1 ¼ 1 À EXPðÀktÞ ð 2Þ Fig. 5 . Effect of inulin-gallic acid graft (IGA), inulin and gallic acid concentrations on TBARS formation. With this model, two parameter estimates were obtained and compared: a rate constant (k), and a maximum value (OD 1 or pH 1 ) considering that at infinite time, the variables reached their equilibrium state (Atkins, 1998, chap. 25) . Hence, OD t or pH t represent OD or pH units at a t time (in hours). Table 3 shows the concentration of GA in the MRS-IGA medium (16.3 mg GAE/g), its lack in the MRS-Inulin and MRS-Glucose media, the rate constants and the values at the steady state. According to Fig. 6 , the growth kinetics of Lactobacillus acidophilus responded adequately to the first order kinetic model shown in Eqs. (2) and (3), with coefficients of determination (R 2 ) higher than 0.90.
According to the obtained parameter estimates showed in Table 3 , the rate constants related to the OD were statistically similar suggesting that the rate of bacterial growth was not affected by the carbon source. However, the rate of decrease of the pH in the liquid medium was greater in the presence of IGA which may have been caused by the release of gallic acid after consumption of the inulin fraction by the lactic acid bacteria. Besides, the higher bacterial growth was observed, as expected, in the MRS-Glucose medium because its OD 600 nm at the steady state was statistically higher than in the other media. In the same way, the pH at the steady state was the lowest. These results show that the presence of gallic acid grafted in the inulin chain did not affect the growth of the lactic acid bacteria.
The concentration of the carbon source is critical to evaluate the oligosaccharides prebiotic activity. Li, Kim, Jin, and Zhou (2008) reported that 1% of burdock inulin in the culture medium is an adequate concentration to confirm the growth of Bifidobacteria. Corral et al. (2008) used 2% chicory inulin and other fructans as carbon source in the growth of Lactobacillus strains. Generally, the growth of probiotic bacteria is higher when the sugar concentration is increased in the culture medium (Adebola et al., 2014; Yang et al., 2011) . Incorporating any type of inulin in the culture media causes a long-term bifidogenic effect on probiotic bacteria which is accompanied by a decrease of pH owing to the production of acetic and lactic acid (López-Molina et al., 2005) . The OD curves shown in Fig. 6 indicate no difference in the L. acidophilus growth modified by the carbon source consumed. However, the pronounced pH drop in the MRS-G medium appears to be an indicator of the increased production of lactic acid caused by L. acidophilus which is not reflected in the case of MRS-Inulin and MRS-IGA media. Growth of L. acidophilus is not influenced by the presence of gallic acid onto inulin, suggesting that there is not relationship between antioxidant activity and prebiotic activity (Yang et al., 2011) .
Conclusions
Inulin does not show any antioxidant activity, but grafting gallic acid onto native inulin gives this dietary fibre a significant capacity to scavenge free radicals such as DPPH and 1 O 2 and to reduce lipid peroxidation. Moreover, inulin shows a significant capacity to stimulate the growth of Lactobacillus acidophilus and gallic acid molecules grafted onto native inulin does not interfere with its prebiotic activity. This work shows that it is possible to provide radical-scavenging ability to the inulin-type fructooligosaccharides avoiding decrease of their prebiotic properties, which could extend its potential as functional foods. 
